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Abstract 
Graphitic materials and graphite composites experience dimensional change when exposed to 
radiation-induced atomic displacements. This has major implications for current and future 
technological ranging from nuclear fission reactors to the processing of graphene-silicon 
hybrid devices. Dimensional change in nuclear graphites is a complex problem involving the 
filler, binder, porosity, cracks and atomic-level effects all interacting within the polygranular 
structure. An improved understanding of the atomistic mechanisms which drive dimensional 
change within individual graphitic crystals is required to feed into the multiscale modelling of 
this system. 
In this study, micromechanically exfoliated samples of highly oriented pyrolytic graphite 
have been ion irradiated and studied in situ using transmission electron microscopy (TEM) in 
order to gain insights into the response of single graphitic crystals to displacing radiation. 
Under continuous ion bombardment, a complex dynamic sequence of deformation evolves 
featuring several distinct stages from the inducement of strain, the creation of dislocations 
leading to dislocation arrays, the formation of kink band networks and localised doming of 
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the sample. Observing these ion irradiation-induced processes using in situ TEM reveals 
previously unknown details of the sequence of microstructural developments and physics 
driving these phenomena. A mechanistic model consistent with the microstructural changes 
observed is presented. 
 
1. Introduction 
The response of graphene and other graphitic materials to radiation-induced atomic 
displacements is poorly understood despite the large number of technological and industrial 
applications upon which it impacts. For example, polycrystalline graphite composite materials 
are used in current nuclear fission reactors such as Advanced Gas-cooled Reactors (AGRs) [1] 
and are proposed for use in Generation IV (GenIV) reactor designs including the Very-High 
Temperature Reactor (VHTR) and Molten Salt Reactor (MSR) [2]. Current nuclear fission 
reactors typically expose core components to radiation damage levels up to the order of 10 
Displacements Per Atom (DPA) [3] with GenIV increasing this up to 200 DPA over the 
expected operational lifetimes [2]. In order to produce the safety case for the extension of the 
operational lifetime of existing nuclear power stations and to develop materials for future 
reactor designs, it is important that the effects of displacing radiation be better understood. 
The deployment of graphene nanocomposite materials [4–6] in extreme environments is 
highly desirable but their safe use will require an understanding of the damage mechanisms in 
these materials. Furthermore, the successful development of graphene-based heterostructures 
for integrated electronics [6–8] will rely on the radiation stability of these devices both during 
processing and whilst in service. 
One of the key challenges for both functional and structural applications of graphitic 
materials is radiation damage and in particular the known phenomenon of dimensional change 
under displacing irradiation. In nuclear graphite, this is a multiscale problem requiring the 
consideration of atomic-level effects as well as the filler, binder, porosity and cracks all 
interacting within the polygranular structure. In both the polygranular and single-crystal 
cases, the resulting dimensional changes can be significant in terms of the magnitude and tre 
implications for materials applications. 
At the single-crystal level, dimensional change consists of a contraction in the a/b-
directions (i.e. in the basal planes) and an expansion in the c-direction (i.e. normal to the basal 
planes) [9–13]. The atomistic mechanisms which give rise to these changes are the subject of 
debate and the focus of considerable on-going scientific research [14–16]. One proposed 
theoretical model, which we refer to as the “Point Defect” model, suggests that radiation-
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induced vacancies agglomerate in the graphene sheets to form small dislocation loops. These 
then collapse causing contraction in the a/b-directions with expansion in the c-direction 
attributed to the agglomeration of interstitials between the basal planes to form new layers 
[17,18]. More recent atomic-level models of defects in graphite and graphene offer alternative 
possibilities for the contraction of the basal plane in the form of 5- and 7-member rings [19–
24] or the rucking of the basal planes due to dislocation motion [14]. However, none of these 
models has been conclusively verified by experiment. 
Considerable insight into the response of a material to displacing irradiation and, in 
particular, into the formation, evolving morphology and behaviour of extended defects can be 
obtained by performing in situ ion and/or electron irradiation studies within a Transmission 
Electron Microscope (TEM). The use of such techniques has made important contributions to 
understanding in areas such as the effects of ion-induced collision cascades on extended 
defects [25] and surfaces [26], the effects of fluxes of point defects on precipitates in metals 
[27], nanocluster ejection [28,29] and the development of amorphous zones in silicon [30]. 
To date, however, the majority of work on microstructural radiation damage in graphite 
has been confined to ex situ analysis of neutron (for examples see [31–35]) and ion (for 
examples see [36–40]) irradiated material with only a small number of studies using TEM 
with in situ ion [41–45] and electron [15,46–48] irradiation. Radiation damage is a complex 
dynamic process in which multiple mechanisms compete to determine the ultimate outcome. 
It is necessary to observe the system in situ whilst under irradiation in order to capture its 
evolution rather than to examine only the end-state accessible in ex situ studies. In this paper 
we report in situ TEM observation of the dynamic sequence of structural changes that occur 
as a result of ion irradiation induced mechanical deformation behaviour of a single graphitic 
crystal. 
The purpose of this work is to provide a better understanding of the underlying 
mechanisms that give rise to the known phenomenon of dimensional change in single-crystal 
graphite. This would provide useful knowledge to inform a full multi-scale model of 
polygranular nuclear graphite, which would also need to consider the behaviour of grain 
boundaries, filler, binder, cracks and porosity under displacing irradiation. The work has 
direct application to the understanding of radiation damage in graphene-silicon 
heterostructures. 
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2. Experimental Methods 
 
2.1 Sample preparation 
Samples of thin graphite were produced by micromechanical cleavage of highly-orientated 
pyrolytic graphite (HOPG). Suitable flakes were identified using an optical microscope to 
observe the contrast produced by the flakes deposited on a silicon wafer with a ~90 nm SiO2 
surface oxide [49,50]. A 200 nm poly(methyl methacrylate) (PMMA) layer was then spin-
coated on top. The flakes were detached from the silicon substrate by soaking in 3% 
potassium hydroxide for a few hours at room temperature to dissolve the SiO2. The samples 
were then rinsed in deionised water and transferred to TEM grids. Finally, the PMMA was 
dissolved with acetone and the TEM grids with free-standing graphite were dried in a critical-
point dryer. Further details of the sample preparation techniques have been reported 
previously [51,52]. 
The TEM samples produced in this way featured electron-transparent large single crystals 
of graphite with lateral dimensions typically of 10–100 m. The single crystal TEM 
diffraction data and lack of Moiré fringes under TEM observation indicated the absence of 
rotational misorientation between the basal planes. Raman spectroscopy was performed on 
some samples using a Renishaw 1000 Raman Spectrometer with a 514 nm wavelength laser 
and ~2 m spot size. The samples were found typically to be free from significant levels of 
defects and dopants as indicated by the absence of a prominent D peak in the Raman spectra 
[53–55]. 
It was vital to use high quality single crystals for this work to allow the clear observation 
and interpretation of features such as diffraction contrast due to the strain fields around 
dislocations. In more-polycrystalline graphite samples the contrast can be dominated by twist 
dislocations and/or Moiré patterns due to rotational misorientation between the basal planes. 
In nuclear graphites, the inhomogeneous polygranular structure of those materials similarly 
makes definitive identification and analysis of defects problematic in many cases. Whilst the 
single crystals used in this work offer the clear advantage of suitable crystallographic 
orientation and the absence of obfuscating contrast in the TEM, they are relatively-simple 
systems and thus extrapolation to the more complex case of nuclear graphite must be 
undertaken with caution. These are good model systems in which to explore the dynamic 
processes which can occur in single crystallites but do not contain features such as filler and 
binder phases, cracks and porosity which play significant roles in radiation induced dimension 
change in polygranular nuclear graphite. Therefore it is the aim of the current study to explore 
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the atomistic and single-crystal level effects to feed into a better understanding of the 
multiscale problem of radiation induced dimensional change in nuclear graphite. However, 
the samples used in the current study are directly comparable to materials used in 
technologies which utilise single crystals of graphitic material such as graphene-based 
heterostructures for integrated electronics. 
 
2.2 Transmission electron microscopy with in situ ion irradiation 
TEM with in situ ion irradiation was performed using 60 keV Xe+ ions at room temperature in 
the Microscope and Ion Accelerator for Materials Investigations (MIAMI) facility at the 
University of Huddersfield which is described in detail elsewhere [56]. At this energy around 
30% of the Xe will have been stopped in the TEM sample but at the low fluences used the 
effect of this amount of inert gas is expected to be negligible as discussed below in section 
3.5.3. A low ion beam flux of 5×1010 ions cm–2 s–1 was chosen to prevent any sample heating 
and consequent thermal-shock effects. The JEOL JEM-2000FX TEM used for the in situ 
MIAMI experiments was operated at 80 kV to minimise the known damaging effects of 
electron beam irradiation of graphitic materials [15,48,57]. Any significant contribution of the 
electron beam to the observed effects was ruled-out by comparison of the areas of the samples 
followed during the experiments to those not exposed to the electron beam. Video was 
captured using a Gatan ORIUS SC200 camera at a frame rate of 8 s–1 and recorded digitally 
using a frame size of 480×480 pixels. Additional experiments were performed at the MIAMI 
facility using either 30 keV He+ or 30 keV Ar+. 
 
2.3 Electron microscopy ex situ analysis 
Post-irradiation High Resolution TEM (HRTEM) imaging was performed using a Tecnai F30 
TEM operating at 300 kV. Scanning Electron Microscopy (SEM) imaging was performed 
using a FEI Quanta 250 fitted with a field emission gun and operating at 30 kV. 
 
2.4 Monte Carlo calculations of ion transport in graphite 
Damage profiles, implantation and atomic displacement values were calculated with the 
Stopping and Range of Ions in Matter (SRIM) Monte Carlo computer code version 2013 [58] 
using a displacement energy, Ed, of 28 eV, a target thickness of 25 nm, a target density of 
2.253 g cm–3 and an incident ion angle of 30° to the surface normal in accordance with the 
geometry during the in situ ion irradiations. Calculations for other experimental geometries 
referenced in the discussion were performed with appropriate adjustments. 
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3. Results and Discussion 
 
3.1 Damage profile of 60 keV Xe+ ions in graphite 
For a graphite sample 25 nm thick (equivalent to 74 basal planes), 60 keV Xe+ ions incident at 
30° from the surface normal (the conditions used in the experiments reported here) will create 
a highly non-uniform damage profile. As illustrated in Fig.1a, Displacement Per Atom (DPA) 
levels peak at a depth of around 17.5 nm. Dimensional change in graphite is known to be 
related to the DPA [1,9–12] and will therefore vary in a similar manner as a function of 
sample depth. Fig. 1b shows a schematic illustration of the dimensional change in the a/b-
directions that this damage profile would produce for an unconstrained system in the absence 
of interplanar forces, pre-existing grain structure, any surrounding material or other external 
forces. In practice, these influences cannot be ignored and the deformation behaviour 
resulting from radiation induced atomic displacements is far more complex. 
 
 
 
Fig. 1 – Depth dependence of the number of ion irradiation induced atomic 
displacements and dimensional change in a thin graphite crystal: (a) the number of 
atomic displacements per incident ion as a function of sample depth for 60 keV Xe+ ion 
irradiation as calculated using SRIM; (b) schematic representation of layers in the 
virgin material showing the geometry of the sample relative to the electron and ion 
beams in the in situ experiments reported here; and (c) schematic representation of 
irradiation-induced contraction in a/b directions in the absence of any interplanar 
forces, grain structure or other constraints and neglecting c-axis expansion. 
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3.2 Transmission electron microscopy in situ observations of ion irradiation 
 
3.2.1 Dynamic evolution of microstructure 
The TEM micrographs in Figs. 2a–d show the structural changes observed in a single crystal 
of graphite during the in situ experiments as observed perpendicular to the basal planes. These 
images were extracted from video captured during continuous ion irradiation which allowed 
the evolution of this dynamic system to be recorded. Videos are available online in 
supplementary material. Also in Fig. 2 are schematic diagrams illustrating the microstructure 
of the sample at each stage of the process as it would appear if viewed parallel to the basal 
planes. The relative ion fluences for each micrograph and the expected DPA at depths of 1.0 
and 17.5 nm are shown in Fig. 2e. 
 
 
Fig. 2 – Radiation induced structural modification and evolution in a thin single crystal 
of graphite observed perpendicular to the basal planes via TEM during in situ ion 
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irradiation with 60 keV Xe+ ions at room temperature (videos available online in 
supplementary material): (a) virgin sample before ion irradiation; (b) an irradiation-
induced dislocation array (indicated by black arrows) at a fluence of 1.2×1013 ions cm–2; 
(c) immediately after the creation of kink bands (example indicated by black arrow) at a 
fluence of 1.4×1013 ions cm–2; (d) at the end fluence of 3.0×1013 ions cm–2 showing the 60° 
orientation relationship between kink bands (indicated by dashed white equilateral 
triangle); (a)–(d) schematic diagrams illustrating the evolution of the microstructure 
viewed parallel to the basal planes (see text for further discussion); and (e) graph 
showing comparative DPA levels against ion fluence at sample depths of 1.0 and 17.5 nm 
with the relative positions on the fluence axis corresponding to micrographs (b)–(d) 
indicated. The micrographs show the same area of the sample and the scale marker in 
(a) applies to all four micrographs. 
 
3.2.2 Low ion fluence effects 
At low ion irradiation fluences (0 to 3×1012 ions cm–2), no significant structural changes were 
observed except for movement of bend contours – an example of such a contour is shown in 
Fig. 2a. Even during these early stages of irradiation, significant numbers of both vacancies 
and interstitial atoms are created and the non-uniform damage profile produced internal 
stresses in the material as basal planes in the lower region of the sample attempted to contract 
at a faster rate than those in the upper region. 
 
3.2.3 Dislocation array formation 
At a fluence of 3.3×1012 ions cm–2, basal dislocations began to be injected into the sample 
from the grain boundary in the lower left-hand corner of the micrographs in Fig. 2. The 
creation of these dislocations can be understood in terms of the requirement to accommodate 
more atoms per unit area of basal plane in the upper region of the sample relative to those in 
the lower region. As these dislocations will be of the same sign they exert a repulsive force on 
each other with the injection of each additional dislocation causing the existing dislocations to 
move in order to maintain an equilibrium separation. In this way, equally spaced dislocations 
were caused to process across the grain forming a dislocation array as shown in Fig. 2b. A 
video of the formation of this dislocation array is available online in the supplementary 
material. As can be seen in the video, the movement of the dislocations was not a smooth, 
continuous motion but progressed in discrete steps as the dislocations became repeatedly 
snagged and freed as they interacted with pinning sites in the crystal [59–62]. Ordered 
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dislocation arrays have been seen previously in graphite [63–67] but this is the first report of 
the observation of a dynamic process which leads to the formation of such structures. 
The dislocations are unlikely to have formed from the agglomeration of interstitials as 
discussed below in section 3.5.1. In order for a basal dislocation to exist in graphite, two 
adjacent basal planes must have different lengths in the direction normal to the dislocation 
line. This can be achieved by a row of atoms being either inserted into, or removed from, one 
of the basal planes. As the basal planes contracted at greater rates in the lower portion of the 
sample, a corresponding number of dislocations were necessarily created in the upper portion. 
At a fluence of 1.4×1013 ions cm–2, the diffraction conditions changed abruptly causing the 
contrast associated with the dislocation array to be reduced for a period of 7 s, equivalent to 
an additional fluence of 3.5×1011 ions cm–2. However, during this period the array was still 
visible with reduced contrast but with apparently the same arrangement of defects. This 
suggests that the change was due to an event elsewhere in the sample and/or at the interface 
with the support grid. This then caused a slight adjustment in the local crystallographic 
orientation and thus diffraction conditions rather than the changes observed being due to a 
reordering of the defects in the local area under observation. 
 
3.2.4 Kink band formation 
Shortly afterwards at the same nominal fluence of 1.4×1013 ions cm–2, the dislocation array 
was suddenly replaced by a network of kink bands as shown in Fig. 2c in a transition that 
occurred in less than one video frame (< 0.125 s). The symmetry of the kink band network 
reflected that of a <0001> zone axis in graphite with the kink bands orientated at 60° to each 
other as highlighted by the dashed white equilateral triangle in Fig. 2d. The axis of the largest 
of these kink bands was parallel to the preceding dislocation array shown in Fig. 2b and thus 
also to the grain boundary from which the dislocations were injected. Kink bands are similar 
to twin boundaries except that the crystallographic orientation is less well defined and have 
been observed in graphite subjected to mechanical stress [68] and ion irradiation [40,45,69]. 
As the dislocation density increased prior to kink band formation, the total energy 
associated with the dislocations would have also increased until it became energetically 
favourable for buckling of the upper graphene sheets to occur creating a kink band. Kink 
bands formed in this way occur only when internal stresses reach a level such that the 
dislocation separation becomes less than a critical value. Below this critical defect separation, 
the dislocations attract and it becomes energetically favourable for them to align vertically to 
form a kink boundary as shown in the transition from Fig. 2b to Fig. 2c. 
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3.2.5 Effects of continued ion irradiation 
Under continued ion irradiation, the width of the largest kink band as measured in projection 
increased at a rate of approximately 0.6 nm s–1 as shown in Figs. 2c and 2d. This indicates 
that the newly-formed boundaries are glissile and allow the continuous differential 
dimensional change to be accommodated through an increased amount of ‘kinking’ to the 
grain structure. The kink regions continued to increase in width until ion irradiation was 
ceased after a fluence of 3.0×1013 ions cm–2 to allow further ex situ analysis of the irradiated 
sample. 
After ion irradiation was stopped, the dislocations continued to move for a period of time 
as the microstructure relaxed. However, given the calculated migration energy for vacancies 
and interstitials (see section 3.5.1 below), point defect activity would have been confined to 
the recombination and agglomeration of close-pairs. Residual strain in the sample will have 
provided a driving force for dislocation motion which was punctuated by interaction with the 
established population of pinning sites on which the dislocations became repeatedly snagged 
and then freed. The rate of microstructural change was observed to decrease to a relatively 
slow rate over a period of around 600 s. 
 
3.3 Surface morphology of kink bands 
 
 
Fig. 3 – Radiation induced kink bands in graphite: (a) in situ TEM and (b) ex situ SEM 
images of kink bands on the 60 keV Xe+ ion irradiated surface of graphite where the 
sample has buckled outwards in order to accommodate ion beam induced dimensional 
change within the material. The regions shown correspond to the edge of a thin TEM 
foil where the graphite has curled such that the basal planes have become orientated 
parallel to the imaging electron beam. 
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Fig. 3 shows TEM and SEM images of the post-irradiation structure demonstrating the 
magnitude of the out-of-plane buckling. The kink bands can be most clearly seen to protrude 
out of the basal plane where the thin graphite has curled at the edge of the TEM samples. 
Kink bands were detected only on the upper surfaces – i.e. on the surface on which the ion 
beam was incident. Analysis reveals the out-of-plane rotation at either side of the kink band 
shown in Fig. 3a to be approximately 21° and 26° neglecting parallax. This is compared to a 
perfect twin boundary which has a rotation angle of 20.8° about the < > direction 
[70,71]. 
 
3.4 Further analysis of kink band networks and bend contour patterns 
Repeat experiments have demonstrated that these results are reproducible with similar 
sequences of irradiation induced microstructural changes observed. Under appropriate 
diffraction conditions, six fold star-shaped features in the centre of the grains are observed to 
be created as a consequence of dislocation arrays and kink band network formation. These are 
zone-axis patterns produced by the intersection of {-1 1 0 0} bend contours at a <0 0 0 1> 
zone axis and indicate regions of the sample where ion irradiation induced strain has caused 
the surface of the sample to become locally domed. Similar features have been observed 
previously in ex situ studies of neutron irradiated graphite [34] but here we present the first 
evidence of the dynamic mechanisms which lead to their creation. 
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Fig. 4 – Dislocations and star-shaped bend contour patterns induced in a thin graphite 
sample by 30 keV Ar+ ion irradiation: (a) bright field TEM micrograph showing a 
distinctive network of bend contours caused by the radiation-induced doming of the 
sample; (b) bright field TEM micrograph acquired at an underfocus of 300 nm of the 
region indicated in (a) showing the topographic structure of the intersection between the 
two line defects; (c) computer generated visualisation showing the intersection of two 
dislocation creases and demonstrating how the structure shown in panel (b) could arise; 
(d) HRTEM micrograph of area indicated in (b); (e) comparison of FTs taken from 
regions either side of the line defects (see (i) and (iii)) with those performed across the 
defects themselves (see (ii) and (iv)) featuring streaking perpendicular to the defects in 
the latter two FTs indicative of local distortion associated with these features. 
 
The most striking example of these star features has been observed in a complementary in 
situ TEM experiment using 30 keV Ar+ ions which creates a similar damage profile to the 60 
keV Xe+ case.  Post-irradiation HRTEM analysis is presented in Fig. 4 with Fig. 4d showing a 
lattice-resolution image of a region where two line defects intersect. Local Fourier Transforms 
(FTs) performed on either side of the defect reveal no change in the orientation of the graphite 
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lattice. However, FTs from regions of the image containing the line defects themselves 
demonstrate streaking of the lattice spots perpendicular to the line. For the line defect running 
top-to-bottom in Fig. 4d, the (–1  0 1 0) and (–1 1 0 0) reflections are streaked along the [–2 1 
1 0] direction as shown in Fig. 4d(ii) and for the defect that runs left-to-right the (0 –1 1 0) 
and (–1 0 1 0) reflections are streaked along the [–1 –1 2 0] direction as shown in Fig. 4d(iv). 
This feature of the FTs is consistent with an array of basal dislocations which have 
dissociated into partials separated by a local stacking fault [65] and indicates significant levels 
of distortion in these regions of the sample. 
A dislocation in a graphene sheet at a surface is highly analogous to the classic model of a 
dislocation as a ruck in a rug which is often attributed to Orowan [72]. The structure which 
can be seen in Fig. 4b can be understood by considering the interaction of two such 
dislocations. Fig. 4c is a computer generated visualisation illustrating how the intersection of 
two orthogonal rucks can generate the type of structures observed in HRTEM. 
Structural defects can lead to out-of-plane buckling of graphene [19,20] as unconstrained 
two-dimensional materials can convert in-plane elastic energy into bending energy by 
relaxing into the third dimension. Such behaviour has been predicted by molecular dynamics 
[21,73], ab initio calculations [24] and continuum theory [74] to occur at dislocations and 
grain boundaries. Buckling has been observed experimentally in graphene via HRTEM [75], 
scanning tunnelling microscopy [76], atomic force microscopy [23]. Although the thin 
graphite samples used in the current study are too thick to be considered two-dimensional (i.e. 
graphene), the first and last basal planes are free to relax out-of-plane provided they are not 
prevented from doing so by pinning to the neighbouring basal plane. Therefore, it is possible 
that a similar relaxation process has occurred in the topmost basal plane in Fig. 4. Further 
work is underway to understand the structure of both these features and the kink bands shown 
in Figs. 2 and 3. 
 
3.5 Possible theoretical explanations for observed phenomena 
 
3.5.1 Point defect agglomeration 
The response of materials to radiation damage is complex and varies as a function of 
temperature, particularly in terms of defect mobility. Recent theoretical calculations put the 
migration energy of vacancies (Em,v) in graphite at 1.0 eV [77] to 1.1 eV [78] although it 
should be noted that other studies have attributed higher values in the range 1.3–1.7 eV 
[18,79–82]. At 1.0 eV, vacancy jump rates of 1 Hz are achieved at around 100°C assuming a 
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vibrational frequency parallel to the basal planes of 5×1013 Hz [59]. The latest calculations for 
the migration energy of interstitials (Em,i) give values between 1.2 eV [83] and 2.1 eV [82] 
which equate to interstitial jump rates of about 1 Hz at 170°C and 500°C, respectively. Point-
defect clusters (so-called “black spot” damage) are observed in irradiated graphite. However, 
this only develops into dislocation loops through the migration of point defects if annealed or 
irradiated at temperatures reported in the literature as being at least 650°C for vacancy-type 
defects [66] and 900°C for interstitial-type defects [33,84,85]. 
A small amount of thermal energy is imparted to the volume affected by the atomic 
collision cascade in its thermal phase but this rapidly dissipates over timescales on the order 
of 10–11 s facilitating only limited enhancement to point defect migration. Therefore in the 
room temperature experiments reported here, vacancy mobility would have been very limited 
and the role of the irradiation-induced interstitials would have been confined to interlayer 
pinning. 
On the basis of the migration energies of vacancies and interstitials in graphite and the 
reported temperatures required for dislocation loop growth, the dislocation and kink band 
formation observed at room temperature is unlikely to be explained by point defect 
agglomeration. Further experimental work is underway to explore the effects of temperature 
on the dynamic microstructural evolution of graphite under the same displacing irradiation 
conditions reported in the current work. 
 
3.5.2 Electronic excitation effects 
The formation of kink bands by 20 keV He+ ion irradiation has been reported by Muto et al 
[45]. In that study, as the energy loss of the He+ ions due to electronic stopping was greater in 
the near-surface region of the sample than at greater depths, the mechanism for the formation 
of structures on the irradiated surface was tentatively attributed to electronic excitation 
effects. We have performed similar experiments with 30 keV He+ ion irradiation in which we 
observe basal plane contraction but no dislocation or kink band formation despite the greater 
electronic stopping at this higher energy. 
For the energy and sample thickness combination used in our He+ ion irradiation 
experiments, the damage profile was relatively uniform across the depth of our samples. 
However, for 20 keV He+ ion irradiation of the 100 nm thick samples used in the study by 
Muto et al, the damage profile would have been very similar to that in our 60 keV Xe+ ion 
irradiation experiments reported here. Therefore there would have been significantly more 
atomic displacements (and hence basal plane contraction) in the bottom of the sample relative 
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to the top and thus similar mechanisms to those proposed in the current paper could have 
occurred. 
In collective analysis of both the current work and that of Muto et al, there is no consistent 
correlation between kink band formation and electronic stopping in the near-surface. However 
kink band formation is consistently observed under experimental conditions which produce 
non-uniform damage profiles. Therefore, it is concluded that the previously proposed 
electronic excitation mechanism is unlikely to be a major driver for kink band formation but 
the possibility that it plays a minor role cannot be excluded. 
 
3.5.3 Xe bubble formation leading to surface blistering 
Inert gas bubbles form as a consequence of ion implantation at different fluences depending 
on experimental factors including ion species, ion energy, target composition and 
temperature. For example in silicon at room temperature, ion irradiation results in the 
nucleation of bubbles at around 5×1016 ions cm–2 for 6 keV He+ [86] and 5×1015  ions cm–2 
for 80 keV Xe+ [87]. For these conditions, SRIM calculations predict the peak concentration 
of the implanted species at nucleation to be approximately 6×1021 cm–3 and 2×1021 cm–3, 
respectively. Bubble nucleation, growth and consequential intersection with a surface can lead 
to blistering and thus significant microstructural changes [88]. However, at the end fluence of 
the experiments reported here the peak gas concentration calculated by SRIM is only 2×1019 
cm–3. Furthermore, the implantation profile is peaked towards the back of the sample with no 
Xe calculated to stop within the first 10 nm and thus near the surface on which 
microstructural features were observed. 
In graphite, there is no data in the literature regarding the nucleation fluence for ion 
irradiation induced Xe bubbles. However, He agglomerations have been observed in graphite 
at fluences as low as 1015 to 5×1015 ions cm–2 in experiments performed at the higher 
temperatures of 100–700°C with 25 keV He+ ion irradiation [69]. The development of large 
lenticular bubbles has been observed to occur for room temperature implantation of pyrolitic 
graphite with 40 keV He ions with blister formation and flaking observed for implantation at 
500°C [89]. However, the fluences in that work were 1–2×1017 ions cm–2 with a peak helium 
concentration estimated by the authors to be in excess of 10 at-%. This compares to an 
estimated peak Xe concentration in the present work of only 0.02 at-%. 
The low gas concentration combined with the absence of any TEM observations of Xe 
bubbles in our experiments (in which we expect to resolve bubbles 1 nm in diameter) leads 
to the conclusion that Xe bubble formation and particularly surface blistering can be ruled out 
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as driving mechanisms for the microstructural evolution. This is in line with observations by 
Bacon and Rao [90] of similar deformation of pyrolitic graphite under He irradiation where 
they concluded that the gas retained did not appear to play an important role. 
 
3.6 Implications for the Point Defect model 
 
 
Fig. 5 – Comparison of expected point defect populations with experimental 
observations for 60 keV Xe+ ion irradiation of graphite: (a) atomic displacements per 
ion as function of sample depth; (b) DPA levels in top 10 nm and bottom 15 nm of 
sample at a fluence of 1.2×1013 ions cm–2; (c) dislocation density observed at this fluence 
(top) and typical MD simulation result (bottom) that 20% of vacancies will survive the 
ballistic and thermal phases of a collision cascade [91,92]; and (d) the additional atoms 
which the dislocations represent and the expected number of extra vacancies in the 
bottom 15 nm of the sample relative to the top 10 nm. Note that atomic and vacancy 
concentrations are given in units of area of basal plane. 
 
In order for the aforementioned Point Defect model to be capable of causing the 
microstructural changes observed, a sufficient number of point defects must survive the 
dynamic annealing within the volume affected by each ion induced atomic collision cascade. 
In particular, vacancies are required both to survive and agglomerate into small loops in 
sufficient numbers in order to cause the necessary degree of contraction of the basal planes. 
Consider a 25 nm thick sample of graphite irradiated to a fluence of 1.2×1013 ions cm–2 
such that a regular array of dislocations has been formed as shown in Figs. 2b and 5c. 
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Approximating the damage profile shown in Fig. 5a to a simpler step profile with an average 
of 0.018 DPA in the top 10 nm and 0.026 DPA in the bottom 15 nm as shown in Fig. 5b, the 
difference of 0.008 DPA will cause a basal plane in the lower region of the sample to have 
experienced the creation of an additional 3.0×1013 vacancies cm–2 compared to a basal plane 
in the upper region. Molecular dynamics simulations of atomic collision cascades predict that 
typically 20% of the point defects created by an atomic collision cascade survive the 
recombination processes which occur during and immediately after the ballistic and thermal 
phases [91,92]. Consequently, at this fluence it can be estimated that on average an additional 
6.1×1012 vacancies cm–2 remain in each basal plane in the lower region relative to those in the 
upper region. 
As the dislocations in the array shown in Fig. 2b have an average spacing of 500 nm, they 
represent 1.6×1012 atoms cm–2 in the upper region of the sample which is fewer than the 
additional 6.1×1012 vacancies cm–2 estimated for the lower region. It is therefore clear that a 
sufficient number of excess vacancies exist in the lower region of the sample to account for 
our observations – provided that a significant fraction of them are able to agglomerate to form 
extended defects and thus cause contraction of the basal planes in the lower region of the film. 
As discussed in section 3.5.1, current estimates of the vacancy migration energy in are in 
the range 1–1.1 eV with historical values from both experimental and theoretical work always 
yielding values of  1.0 eV [18,77–82]. With a 1.0 eV migration energy [77], on average a 
vacancy would make one jump per 1.6×103 s at room temperature and one jump per 8.0×104 s 
for 1.1 eV [78]. This is clearly insufficient to give rise to significant vacancy agglomeration 
on the timescale of our experiments which last 600 s. In addition, although thermal spikes 
have been seen to cause observable effects in dense materials [25,26,28], the dilute nature of 
the energy deposition process in graphite coupled with the short lifetime (10–11 s) of the 
thermal spike renders any thermal-spike induced vacancy motion also negligible. 
The Point Defect model is capable of explaining the experimental results when considering 
the number of point defects generated under the ion irradiation conditions used. However, the 
current understanding of vacancy migration mechanisms and energies makes the Point Defect 
model incompatible with these room temperature observations. Therefore further work is 
needed on vacancy migration and/or the nature of atomic collision cascades in graphite in 
order to validate the Point Defect model. 
 
3.7 Other possible models 
It has been clearly demonstrated in the experiments reported here that dislocations can be 
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generated in significant concentrations under displacing irradiation and that those dislocations 
are highly mobile at room temperature. Furthermore, these dislocations are able to 
agglomerate to form larger structures in the material in the form of kink-bands in our thin 
foils.  Our observations provide evidence supporting the hypothesis that the process is driven 
by basal-plane contraction in the more heavily damaged region of the foil; a conclusion also 
reached by Bacon and Rao [90]. Although currently there is no theoretical model capable of 
predicting these observations from atomistic considerations, it is possible that an explanation 
may lie in the rucking of basal planes [14] or out-of-plane deformation due to defects [19–
24,74–76,93]. 
 
3.8 Comparison to neutron irradiation conditions 
Dimensional change in nuclear graphites is a complex multiscale problem in which the filler, 
binder, porosity, cracks and atomic-level effects interact within the polygranular structure. 
The experiments reported here are designed to investigate the effects in a single crystal to give 
insights into the response of individual grains and the atomistic mechanisms operating within 
the graphite crystal structure. 
The irradiation conditions chosen for the experiments reported here deliberately created a 
damage profile across the sample thickness which would not be typical of, for example, fast-
neutron irradiation. Furthermore, the atomic collision cascade of an energetic heavy-ion is 
denser than that of an energetic neutron. However, fast-neutrons do give rise to 
inhomogeneous stresses within the irradiated material [9,94]. The experiments reported here 
thus serve to explore some of the fundamental mechanisms operating in graphite under 
displacing irradiation by which inhomogeneous stresses give rise to macroscopic deformation 
of the material. 
At the final fluence of 3.0×1013 ions cm–2, the number of irradiation induced displacement 
events within the sample varied from 0.025 at a depth of 1 nm to 0.071 at 17.5 nm. These are 
very low damage levels compared to neutron radiation damage studies into dimensional 
change in graphite which typically explore damage levels starting from those in the current 
study and up to end-of-life damage levels for graphite in AGRs of 10 DPA [3] and higher 
[12]. Studies into irradiation damage induced dimensional change have traditionally focused 
on neutron irradiation at higher temperatures. At the lower temperatures reported in the 
literature, neutron irradiation of HOPG at 150°C has been shown to demonstrate dimensional 
change in the a/b-direction of about 0.5% at 0.07 DPA (= 5×1019 n cm–2) [95]. 
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4. Summary 
High levels of mechanical stress have been induced in thin graphite samples using ion 
irradiation conditions which produce a damage profile that varies as a function of depth. This 
damage profile caused significantly different degrees of basal plane contraction at the top and 
bottom of the sample resulting in a sequence of dramatic microstructural changes including: 
dislocation production, motion and assembly into defect arrays; kink band network formation 
with an associated polycrystalline structure; and doming of the sample surface within the 
polycrystalline grains. The evolution of this dynamic system has been observed using in situ 
TEM revealing previously unknown details of the sequence of structural developments and 
the physics of the mechanisms driving these complex phenomena. These results provide new 
experimental data that contributes towards developing an improved understanding of the 
atomistic mechanism of dimensional change in single crystal graphite. 
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